Abstract
Introduction 80 81
Seizures are relatively common in neonates, and are a potential harbinger of intractable 82 epilepsy, cerebral palsy, cognitive deficits and other negative neurological outcomes. 83
Prolonged periods of hypoxia alone (Ha; e.g., birth asphyxia or apnea) or hypoxia-ischemia (HI; 84 e.g., perinatal stroke) are thought to be a major cause of neonatal seizures, but metabolic 85 disturbances, encephalitis, and genetic abnormalities can also lead to seizures in neonates 86 The EEG has generally not been classified quantitatively in rodent models of Ha and/or HI. 101
Although it is unclear which features of the EEG are associated with overt brain damage and 102 subsequent poor outcome, prolonged repetitive seizures and/or background abnormalities are 103 the two main hypothetical indicators of a negative outcome. 104
105
In the present study, Ha and HI were used as two complimentary animal models of 106 neonatal seizures in postnatal day 7 (P7) rat pups. These models are thought to have similar 107 behavioral seizures, but little is known about the quantitative electrographic properties of 108 neonatal seizures and how they are altered during the acute treatment period. Previous 109 observations indicate that Ha causes little or no obvious neuronal death (Rice, et al, 1981 ; 110
Jensen et al., 1991), while HI leads to an overt hemispheric lesion (Rice et al., 1981) . In the 111 present study, we hypothesized that both animal models (Ha and HI) would show robust 112 electrographic seizures during treatment, but the two groups would have different EEG features. 113
One hypothesis is that because brain injury can cause severe electrographic seizures, the 114 occurrence of ongoing brain injury during HI would exacerbate the seizure activity. Another 115 hypothesis is that injury-induced changes in cortical neurons (e.g., depolarization inactivation) 116 progressively suppress the seizures as the injury evolves, at least at the site of the insult. 117
Previous studies with long-term, continuous, radio-telemetric EEG recordings -using a variation 118 of the HI model employed here -showed that the presence of a macroscopic infarct is 119 necessary for development of epilepsy in Sprague-Dawley rats; however, rats exposed to HI 120 treatment at P7 with acute behavioral seizures but no infarct consistently did not manifest the 121 spontaneous recurrent seizures that define acquired epilepsy (Kadam et al., 2010) . Therefore, 122 electrographic recordings in these two models (i.e., Ha Pregnant Sprague-Dawley rat dams were obtained from Charles-River (Wilmington, 142 MA). Rat pups were born in the University of Utah animal facility. Pups were reared with the 143 dam and implanted at 6-7 days of age (postnatal day 6-7; P6-7) with the miniature wireless 144 telemetry system (Zayachkivsky et al., 2012). During this procedure, animals were anesthetized 145 with 4% isoflurane and a maintenance dose of 2% (MWI Veterinary Supply, Meridian, ID). The 146 stereotaxic unit was sprayed with 70% alcohol, and surgical tools were sterilized by autoclaving 147 and then maintained in 70% ethanol. The rat pup was placed in the stereotaxic unit using small-148 animal ear bars (David Kopf Instruments). An incision was made on the top of the head with a 149 scalpel, and the skin was clamped with hemostats. The periosteum was then removed from the 150 skull, and surface bleeding was cauterized. Two holes for electrodes were made using a 151 surgical drill with a 0.7 mm burr (Fine Science Tools), 2 mm lateral from midline of the skull, 2 152 mm apart on the right side. The electrode wires of the transmitter system were trimmed to 153 appropriate length and fed through the craniotomies with a target depth at the level of the dura. 154
The transmitter was attached to the skull using a cyanoacrylate gel compound (Loctite 454) with 155 accelerator (Loctite 7452). Additional cyanoacrylate was applied around the unit and the 156 exposed areas of the skull to stabilize the implant. The skin was then sutured around the 157 implant with Vicryl 4-0 coated polyglactin 910 suture (Ethicon). Animals were injected with 0.5 158 ml of lactated ringers (sub-cutaneous), treated with local anesthetic (Marcaine) and allowed to 159 recover for 24 h with the dam. 160 161 162 163
Neonatal hypoxia (Ha) and hypoxia-ischemia (HI) treatments 164 165
The Ha and HI procedures included both male and female rat pups at P7-8 previously 166
implanted with the telemetry units at P6 (see above). Animals were anesthetized with 2% 167 isoflourane. The ventral midline of the neck was locally anesthetized with marcaine (0.5%, 0.2 168 mL). A 2-cm incision was made in the animal's neck and the right common carotid artery was 169 exposed by blunt dissection. In animals in the HI group (n=12), the carotid artery was occluded 170 with micro-aneurism clamps, and cut by cauterization. Clamps were removed after cauterization 171 of the artery. In animals in the Ha group (n=9), the carotid was not cut. In the control group 172 (n=6), sham surgery was conducted, but the animals were not exposed to hypoxia or ischemia. 173
The skin was then sutured and the rat pups were allowed to recover in a cage with the dam for 174 2 h. After a 2-h recovery, the pups were placed in the hypoxia chamber with feedback-controlled 175 temperature control (37°C) and recording chambers (designed and built in-house). Each 176 recording chamber was designed to have an independent gas input and output and a separate 177 antenna for recording. The chambers were then filled with 8% oxygen and 92% nitrogen gas 178 mixture at positive pressure using a pressure-control manifold. Temperature was verified 179 independently from feedback control using a Vernier Instruments thermocouple. The rats in both 180 groups were exposed to this mixture for 2 h, and were then allowed to recover with the dam and 181
littermates. During the treatment, EEG was continuously recorded (Fig. 1) . After treatment, the 182 pups were given 0.5 ml lactated ringers. Animals were returned to the dam and euthanized 72 h 183 after Ha or HI to verify the presence or absence of the lesion. The data were then separated into 10-min bins for seizures and 5-min bins for background, and 209 the means of each bin were plotted over time. Statistical differences were determined between 210 HI and Ha events over the full 2-h treatment and during each hour of the treatment. In cases 211 where multiple comparisons were conducted, the Levene test was used to determine whether 212 variances were uniform within groups. If the variance was uniform within groups, ANOVA was 213 then performed to determine the differences in mean power (P>0.05 to reject) with a Games-214 To determine whether Ha and HI induce specific electrographic abnormalities, the EEG 239 was first qualitatively examined during the two different treatment protocols: Ha and HI. During 240
Ha and HI treatment, the EEG patterns during seizures appeared similar but dramatically 241 different from the activity observed in untreated control animals (Fig. 2) . During both Ha and HI, 242 two distinct types of seizure-like activity and two different seizure patterns were apparent in the 243 EEG ( Fig. 3 and 4 ). Seizure-like activity was present both as discrete events (Fig. 3A) at a 244 single frequency band (i.e., either alpha or delta) or as a combination of the two frequency 245 bands with seizure discharges occurring in an alternating pattern of alpha and delta bands ( Therefore, the seizure-like electrical activity, which each had a discrete onset and termination, 253 could be defined and quantified according to their respective frequency bands (i.e., alpha and 254 delta); furthermore, the types of electrical activity were quite similar in both Ha or HI. 255
257
Specific behaviors accompanied the distinct forms of electrographic seizure-like activity. 258 259
Animals that were treated with Ha (n=9) or HI (n=12) presented with similar behaviors 260 during treatment, and these behaviors corresponded closely to the two forms of electrical 261 activity (i.e., alpha and delta frequency bands). Ha-and HI-induced abnormal behaviors began 262 within minutes of administration of the hypoxic gas mixture. Both treatment groups (i.e., Ha and 263 HI) exhibited abnormal behaviors that could be classified into three categories: (1) convulsions 264 (2) "tonic-like" convulsions, and (3) complete behavioral arrest. The seizure behaviors appeared 265 different than those defined by the standard Racine scale (Racine, 1972), presumably because 266 of the immature state of the motor system of the pups. Untreated, EEG-implanted animals (i.e., 267 controls) did not exhibit any of the above-described behaviors. The behaviors in untreated 268 control animals included body flexion, extension and regular myoclonic jerks, which were 269 identical in both EEG-implanted and non-implanted, untreated animals. No convulsive activity 270 was detected in animals that were not exposed to hypoxia. After the administration of Ha or HI, 271 the animals recovered within a few hours and behaved normally. Three animals died during 272 administration of HI; nonetheless, their seizure activity was analyzed. Because the behavioral 273 profile of each experimental-treatment group was largely similar, the present study focused on 274 the EEG-recorded electrical activity from the two treatment groups. 275
276
Overall seizure power progressively increased during Ha but slowly decreased during HI. 277
The main qualitative difference between the EEG signals from the Ha and HI groups 278 appeared to be the amount of electrical activity during the second hour (Fig. 2) ; that is, all of the 279 seizures were similar in waveform, but those during HI treatment appeared to be of lower 280 amplitude during the second hour. Therefore, the raw electrographic data were analyzed in their 281 entirety (i.e., putative seizures, in addition to background activity) in the frequency domain. 282
Because the first and second hours of electrical activity appeared to be qualitatively different 283 during either treatment, the 2-h period of recording was arbitrarily divided in half to compare the 284 EEG features in the frequency domain. The power spectral density (PSD) was then estimated, 285 averaged across animals, and plotted with 95% confidence intervals. During the first hour (Fig.  286 4A), the frequency profiles during Ha and HI treatments were similar. The EEG had more power 287 throughout the delta band, and substantially more power in the alpha band compared to control 288 (Fig. 4A) (Fig. 4B) . As expected, in control animals, power in the alpha (p=0.98) and 296 delta bands (p=0.29) was not significantly different during the first and second hours (not 297 shown). Therefore, when analyzed in the frequency domain, overall power across the frequency 298 bands was higher in the Ha and HI animals than control animals, which corresponded to the 299 seizure-like activity (described above) in the EEG. Power was similar in the Ha and HI animals 300 during the first hour, but greater in the Ha group compared to the HI animals during the second 301 hour. These data from frequency-domain analyses, therefore, suggested that seizure activity 302 increased during the second hour of the 2-h treatment period in the Ha animals, but decreased 303 during the second hour of hypoxia in the HI animals. 304
305
During the second hour of hypoxia, seizure frequency increased in Ha but decreased in 306 HI rat pups. 307 EEG traces were visually inspected, and discrete abnormal events were separated from 308 segments of background activity between these events (Fig. 5) . The abnormal discharges were 309 then separated into events with dominant power in the delta (0.1-4 Hz) and alpha (8-13 Hz) 310 frequency bands. The average number of events across animals in the Ha group was 28.9±5.2 311 (mean ± standard deviation) during the first hour and 35.6±13.8 during the second hour; the 312 difference was not significant (p=0.12). In the HI-treated group, however, the number of events 313 during the first hour (24±9.6) was significantly greater (p=0.02) than during the second hour 314 (15±4.9). Across groups, the number of seizure-like events during the first hour of Ha and the 315 first hour of HI was not significantly different (p=0.16); however, the second hour of HI had 316 significantly fewer seizures than the second hour of Ha (p=0.004) (Fig. 3) . Therefore, the 317 number of seizures appeared to be similar for the Ha and HI groups at the beginning of the 318 exposure to the hypoxic gas mixture, but then seizure frequency increased over the 2-h period 319 in the Ha animals while it decreased in the HI animals. 320
To investigate the differences in electrographic profiles of Ha-and HI-treated animals, 321 the RMS power properties of each abnormal event were examined as a function of time during 322 treatment. RMS data from all animals were binned in 10-min intervals for alpha and delta bands 323 and 5-min bins for background EEG over the entire 2-h period of treatment. RMS power was 324 dominated by high-power delta events in both groups (Fig. 6 A-D) . RMS power of these events 325 was not significantly different between groups during the first hour of treatment (p=0.899); 326 however, during the second hour, differences became apparent (p= 0.014). During the second 327 hour, the RMS power of the delta events in HI animals dropped below that of the Ha-treated 328 rats, while in Ha animals the power profile steadily increased over time and was significantly 329 greater than during the first hour (p<0.001). The pattern of the temporal distribution of alpha 330 events was different from that of the delta events. The differences between Ha and HI treatment 331 became apparent 20-30 min after the onset of the treatment period (Fig. 6E, F) ; however, mean 332 RMS power was significantly different between the two treatment groups only during the second 333 hour (p<0.001). In Ha animals, the RMS power of alpha events remained relatively stable over 334 time, exhibiting a slight increase by the second hour. 335
The mean RMS power profile of background EEG in Ha-treated animals increased 336 slightly through the first hour of treatment, but decreased back to the initial power level by the 337 end of the second hour (Fig. 7) . The mean RMS power of HI-treated animals was similar to the 338 pattern of alpha events, with differences in RMS power between groups beginning at 20-30 min 339 after the start of treatment and steadily decreasing over time. The quantitative decrease in RMS 340 power during this time was consistent with qualitative observation of amplitude suppression in 341 the EEG (Fig. 2) . These data suggest that the time-dependent decrease in RMS power in 342 background EEG at 30 min after the beginning of the period of hypoxic gas exposure in the HI 343 group reflects impending and/or ongoing neuronal injury (see below). components, an evolution in the waveforms from onset to termination, and post-ictal depression. 388
The differential frequency components of the neonatal seizure discharges recorded during 389
Ha/HI with miniature telemetry, such as rhythmic alpha and delta, have not been described 390 previously in rodent models of neonatal seizures (e.g., Sampath et al., 2014; Zanelli et al., 391 2014), but were quite similar to those previously described in human neonates by Watanabe 392 and colleagues (1980, 1982, 1999) . 393
Hypoxia drives acute electrographic neonatal seizures in both Ha and HI models: 394

Implications for brain damage and acquired epileptogenesis 395
The properties of the electrographic seizures observed during Ha and HI treatments 396 were virtually identical. The treatment protocol for HI was exactly the same as for Ha, except 397 that the right carotid artery was ligated in the HI group, which consistently led to an HI-induced 398 encephalopathy with a frank infarct ipsilateral to the carotid ligation. The increased resistance to 399 oxygen deprivation in immature animals can explain the lack of overt brain damage after Ha 400 treatment in immature animals (Luhmann et al., 1993, 1997); however, in the HI animals, 401 addition of the ischemia from unilateral ligation of the carotid artery causes severe brain injury. 402
The robust electrographic seizures in the Ha-treated rats strongly suggest that the 2-hr 8%-403 oxygen, hypoxic-gas treatment drives the acute seizures in both the Ha and HI models. The HI 404 model used here was similar (although not identical) to the one used by Kadam and 405 collaborators (2010), where all of the HI-treated rats had similar acute behavioral seizures 406 during the HI-treatment protocol; however, only about 50% of the HI-treated rats developed 407 epilepsy, and all of the rats with epilepsy were later shown to have had a clearly defined, 408 macroscopic infarct. The other half of the animals did not develop epilepsy (documented by 409 prolonged, continuous video-EEG), and they had no macroscopic lesions. Although these data 410 suggested that neuronal death associated with the infarct was required for the development of 411 epilepsy, another possibility was that the animals with infarcts also had more frequent and/or 412 intense acute electrographic seizures during HI treatment than those without the infarct. 413
Because of modifications of the HI protocol in the present study, 91% (11/12) HI animals had a 414 confirmed infarct and 0% of Ha (0/9) animals had an infarct. Therefore, the observation here 415 that the acute electrographic seizures became less intense and frequent during the 2-hr hypoxia 416 protocol in the HI group provides further evidence that neuronal damage -not the severity of the 417 acute neonatal seizures -was the cause of the subsequent epilepsy. These data are consistent 418 with clinical observations of Watanabe and coworkers (1980, 1982, 1999) , who reported that 419 rhythmic, high-amplitude delta and alpha events (i.e., seizures) did not predict clinical outcome 420 in human neonates. A report by Glass and collaborators (2011) also supports this concept. 421
Neonatal seizures and the development of brain damage 422
The electrographic seizures progressively increased from the first to the second hour 423 during Ha; however, although the electrographic seizures in HI were similar to Ha during the first 424 hour, the seizures decreased in frequency and power during the second hour. These data 425 suggest that the progressive and ongoing neuronal damage during HI slowly suppresses 426 
Localization of electrographic abnormalities 454
One of the limitations of this study is the use of a single-channel EEG. Although more 455 electrodes are always better than fewer electrodes, a single-channel recording from two 456 appropriately placed electrodes can readily address the issues we raised in this manuscript. The 457 single-channel approach does not provide information relevant to the spatial localization of 458 seizure activity. Here, however, the spatial location of the injury was known and is similar 459 between animals; thus, the single-channel approach was adequate to study changes in the 460 electrical activity during HI-induced brain injury at the site with the HI-induced injury. The use of 461 differential recording significantly reduced noise and signal artifacts, but also made 462 interpretation difficult in relation to which area(s) generated the seizures and the depressed 463 background. The one-channel approach described here has similarities to amplitude-integrated 464 EEG, except that the analyses used here are more extensive and quantitative. the administration of Ha/HI, the rat pups were implanted with a miniature telemetry transmitter at 597 P6 and allowed to recover overnight. On the next day, the right common carotid artery was 598 cauterized (HI) or a sham surgery was performed (Ha and control animals) . The hypoxia-gas 599 mixture was administered to the Ha and HI groups (not the control group) after the rat pups 600
were allowed 2 h for recovery. B, The EEG baseline was monitored for 30 min before 601 administration of the 8%-oxygen hypoxic-gas mixture, and for 2 h during the Ha/HI treatment 602 with the 8%-oxygen gas. A and B) . C, Untreated 612 controls had normal EEG background with some typical oscillatory discharges (see Traces #1 to 613 #3). Therefore, unlike the control animals, both Ha-and HI-treated animals exhibited robust 614 seizure activity; however, only the HI-treated animals showed background suppression. 615
Histological studies showed that only the HI animals had macroscopic lesions (see below). 616 (actual data in A1 and B1; normalized data in A2 and B2). During the first hour of treatment (A), 635 both Ha and HI had the greatest increase in power in the alpha frequency band (8-13 Hz). 636
During the second hour (B), overall power was still substantially increased above controls (n=6) 637 in both groups, but the increase was less for the HI (n=12) group than the Ha (n=9) group. Thus, 638 the power in the two seizure-related bands, particularly in the alpha band, was substantially 639 lower for HI than for the Ha group during the second hour of hypoxic-gas (i.e., 8% oxygen). 
